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ABSTRACT

Integrated circuits art- distinguished from thin-film and hybrid

circuits. Current and probable fiture failure rates, performance,

and physical characteristics are described. Yield and its relation

to cost are discussed, as are other manufacturing and application

considerations. High reliability, smaller size, and the ultimate

low cost of hi~h volume production are expected. Because of

these factors the use of integrated circuits rather than thin-film

circuits is predicted for all cases except the few for which they

inherently lack the necessary performance.
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I. INTRODUCTION

Rem-arkable progress has been made in integrated circuit technology in the

first six years of its existence. This circuit technique has come to be

accepted as the dominant one of the future. For this reason, increasing

numbers of companies refer to their circuits as integrated when, in reality,

they are either types of thin-film or hybrid circuits. Some manufacturers

who make true, integrated circuits have had to resort to calling them

"monolithic" integrated circuits; it is these circuits that the-author clarsifies

as integrated circuits. A more proper name for the three techniques,

classed as a group, is rnicrocircuitry.

To avoid misunderstanding, in this report the following definitions apply:

the term, integrated circuit, when used without the modifying words, hybrid

or thin film, refers to the technique whereby the entire circuit is formed

from a single-crystal chip of semiconductor material; the chip, itself, con-

tains the various active and passive circuit elements. Thin-film refers to a

circuit comprised of discrete elements that are deposited in layers and Zbat

have a common, passive substrate. The designation, hybrid, means a cir-

cuit that is formed by the combination of an integrated circuit with one or

more discrete devices.



II. FAILURE RATE AS A FUNCTION OF TIME-,

A. DETERMINING A F.AILURE-RATE MODEL

For many years reliability engineers have utilized a constant failure-

rate (exponential distribution) model to describe the behavior of most electronic

components. There are two primary reasons for this:

a. Tests established that within the useful life of equipment using
these components, failures appear to be random.

b. From a statistical and testing viewpoint, the constant failure-
rate model is the simplest to use.

Many engineei- ., d&ub. the validity..of.the-fir-st-reason-- Some recent

tests have shown that transistors, capacitors, and other components have a

decreasing failure rate, and that their behavior is best represented by the

Weibull distribution,

F(t) =1 - exp Y)

where, for' ur* purposes, "V, the location parameter, is zero; and 0, the shape

parameter, is less than one. If 8 were one, the Weibull distribution would

simplify to the exponential distribution.

The Weibull distribution has two disadvantages. First, it has very

limited flexibility, because failure rates are a function of time, and, second,

there are diminishing returns on obtaining failures as test time is increased.

The advantages of the Weibull model are the reduction in life test unit hours

required to demonstrate reliability goals and the applicability of burn-in to

improve reliability.

The primary problem in determining the most realistic failure-rate

model is to accumulate enough test hours and failures under controlled con-

ditions to discriminate statistically between different models. This is

especially true of integrated circuits where tens of millions of test hours must

be accumulated just to estimate the failure rate.
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At present, the hypothesis that integrated circuits have a decreasing

f.tilur' rte is based inore on the nature of the technology than on test results.

Nlativ nanufacturers believe that the nature of integrated circuit construction

preludes atny "w---aout" during reasonable lifetimes, and that failures are
trac.able tu weaknesses that existed in the circuit structure and should have

been detected in most cases at final iinspection.

The quostion of constant vs decreasing failure-rate. models for.i-nte-

grated circuits will probably not be settled for several years, if ever. As

failure rates are decreased to below 10 - 8 per hour, such questions will

become more academic than impo-tant except, perhaps, to determine the

advisability of iLtegrated circuit burn-in.

B., ESTIMATED CURRENT AND FUTURE FAILURE RATES

Current standard integrated circuit failure rates appearto be between
-8 -8oI x 10 and 5 X 10 per hour under laboratory conditions at 25°C. This

estimate is for devices that have- passed_ rigid environmental'tests-and optical

and electrical inspection. Carefully designed custofmcdirciiiti'that are

produced in volume should also approach this failure rate. The failure

rate appears to be independent of circuit size and complexity.

Prediction of future failujre rates is difficult because of the significanc.e

of the human factor in the manufacture of such high-reliability devices.

Currently, many failures can be attributed to human error. This is espb.

cially true in such operations as optical. inspection, handling, testing, and

application. For these reasons, it is not expected that the failtiie rate will

drop very much below 10 per hour, since the htiman-factor will eventually

become the primary source of failures. Automation is expected 1to improve

the situation somewhat in the areas of device processing, but improper

handling and application are expected to be continuing causes o f failure.

- 3



III. FAILURE RATE AS A FUNCTION OF TEMPE--ATURE

All failures of integrated circuits or other semico-aductor devices can

be considered to manifest themselves as parameter degradations. Indeed,

even catastrophic failures, such as open bonds, often forecast their imminent

failure through parametric fluctuations.

A. MATHEMATICAL MODEL

The mathematical model that has been proposed to express parameter

degradation, hence, failure rate as a function of temperature, is derived

from the Arrhenius Equation, which is used by chemists to describe chemical

reaction rates as a function of temperature. The usual form. of./the equation

is k = k exp (-S/RT), where k is the reaction rate, e is the activation energy,

R i the universal gas constant, and T is absolute temperature.

Chemists have found that k is a constant for those reactions that pro-

ceed by a single mechanism. Fcr bimolecular reactions, k must Le taken

as proportional to T, while for more complex reactions, k . must be pro-
0

portional to T. However, in most cases, this linear or square-root depend-

ence upon the temperature is usually negligible compared with the exponential

factor.

If the Arrhenius Equation is modified for our use, we can combine e

and R into one constant, b, anrl consider k as the failure rate rather than a

chemical reaction rate. This gives us the failure rate, k -kexp.(-b/T).

From the common log of both sides, we have

log k log k. b
o" 3T

This function will plot as a straight line with slope -b/Z. 3 on log-inverse

paper if k0 is indecd independent of T, i. e. , if the failure 'proceeds by a

single mechanism. Empirical tests on integrated circuits have established

that for a wide range of temperature (25 : C 5 300), this is the case.
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Vi rth, 'rt ' r. the %~ alu ., 1) al.j r s t~o bo a constant (b 3358) for most

'E t ftSU; i. 0. eiprtr accelerates the failure rate of all inte-
gr;i~oci ci rcuits to the samne extent. The value of k varies with the manu-

fat t'(Ver. datce of nia nfac tu re. and type of ci rcutit. Test results fromn 1 963

hate Plared the value of k ()between 10 and 10 The value may be

ten ;naller than 10- fo r circklits currentlyv being manufac-tured.

Incorporation of these constants into the equ ation and expression as an

e~~1).lta gvsthe- failure rate per hour as k = 1 0 - (1 460/T) + where

k -a

B. T&ST RESULTS

In Fig. I are shown the results of two tests that were conducted to

dvtt-rnnino faiture rate as a function of temiperature (the solid lines repre-

rsning Signetics data fromn October 1962 to February 1964 and TI data from

1962). Two other recent single -tesmperature test results have also been

plotted. (Since no P.tiiures occurred in the MIT test of Fairchild. circuits, the

ob)served point actually represent.,, the 50 percent conf idenc e,-level point.)

A dashed line has been drawn through one of -these - the Fairch ild 161 - '64

datumn point -with the same slope as the solid lines. This line probably

represents the best failure rate that van be expected at any given temperature

for Interrated circuit-, being produced today. The curves should not be inter-

preted as refl ecting relative differetnces between these manufacture rs' abilities

to produice reliable circuits. instead, these variations are due':primarily to

differences in manufacturing dates arnd other* tests the circuits ar .e subjected

to before briing placed on life. test.

In Fig. 2 is illustrated even more clearly'the effect of temperature on

the failure rate. With the adoption of 25 0C as a norm, the curve shows the

failure acc eleoration factor a-, a function of. temperature. While-somre manu-

facturers specify the use of their circuits at temperatures as high as I Z5 C,

data in. Fig. Z show that the expected failure rate at this temperature is 17

tiryes the rate for 25oC. Thus, operating at low tempe:atures is as important

a relliability consideration as derating is for conventional discr ete d'evices.
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IV. PERFORMANCE AND CHARACTERISTICS,

In the use of integrated circuits a considerable number of performance

compromises must be made. Fortunately, most of them are not critical for

digital computer circuitry.

A. .VAILABLE ELEMENTS

Although a great deal of effort is being made, integrated circuit induc-

tors are not expected to be developed within the foreseeable future. It appears

that thin-film coils will have to be used in applications requiring inductance.

The values and tolerances of available resistors are somewhat limited

in integrated circuits. A tolerance of ZO percent is nominal for integrated

circuit resistors, primarily because of width variations resulting from

chemical undercutting effects during processing. A 10-percent tolerance

can be obtained by making the resistors twice as wide, but this requires

four times the surface area for the same resistance and also increases

parasitic capacitance. While absolute resistance tolerance is poor, this

problem can often be circumvented by designing around resistance ratios

where tolerances of 4 percent are easily maintained.

The total amount of useful resistance on an integrated circuit chip of

nominal size is from 75, 000 to 100, 000 ohms at the 20-percent tolerance

level. Needs ;n excess of this are most economically obtained via thin-film

resistors. While improvements are being made to increase the resistance of

integrated circuits, it does not appear that an increase by much more than a

factor of two or three can be economically achieved in the future, unless there

is a major breakthrough in the technology or a thin-film technique is used.

Most integrated circuit capacitors use thermally grown silicon dioxide

as a dielectric to avoid the lower Q, voltage sensitivity, and low-breakdown

voltage of diffused junction capacitors. Silicon dioxide capacitors have a

breakdown voltage of about 50 volts and a value of approximately 0. 3 pf/square

mil. The total value of useful capacitance available on a typical integrated

8



circuit chip is from about 150 to 200 pf. For capacitance -much. greater

than this, some type of thin-film technique should be considered.

i. SPEED

The speed of operation of integrated circuits has been increasing rapidly.

In the past few years, the rate has doubled every year. Curreitly available

logic stages operate in the 15-nsec propagation delay time. range integrated

circuit speed is being limited by the parasitic capacitance between the junction-

isolated portions of the circuit and the substrate.

A buried-layer process, in which an e.xtra n+:, layeriis -diffused between

the p-type substrate and the n-type collector, has 'euced tife propagation

delay time for diode-transistor logic (DTL).,to a range of:firom ,-0 to 15 nsec.

This technique shunts the high-resistance' colector .sheet to the substrate and

allows a reduction in the epitaxial layer thiness r sults are,_a 50-percent.

reduction in parasitic capacitance and ithe higher, sped ,7e

Later this year, a new technique will:reach-the production lines where-

by a thin isolating barrier of silicon dioxide-will be. used between the substrate

and transistor to essentially eliminate the parf asiticicapacitance -. This

development will enable integrated circuits to break the !"01-.nsec propagation

delay time barrier for DTL logic, which places them in the.-same class' as

hybrid and discrete circuits. This isolat inglbar'rie i'will al .allow integrated

circuits to have radiation-resistant char act-eristicsilequivaleitto those of thin-

film circuits. At present, integrated circuits ar'e-s4mewhri re sensitive to

radiation than thin films, due to the breakdown under rad iatioh.of the back-

biased diodes now used in junction isolation.

C. VOLTAGE AND POWER LIMITATIONS

Usually, the voltage limitations of integrated, circuits are not a problem
7* for digital circuits, except perhaps at inerfaces with other-tpes of circuits.

Power is currently in the 3- to'5-milliwatt range for digital gates and is

generally traded off somewhat for increased speed., Maximurn power dissipa-

tion for integrated circuits is a few-hundred milliwatts and.s.pecial considera-

tion must be given to applications requiring more than this,

9



V. PHVSICAL ASPECTS

A. SIZE AND COMPLEXITY

Today, most standard-line integrated circuit chips measure from 35 to

70 mils on a side. Since they are processed from a. I-inch-diameter wafer,

there are approximately 150 to 600 circuits per wafer. When special circuits

are considered, the number per wafer varies from less than 50 to about 1000.

While circuit chips can be made almost any size, experience has shown that

yield is exponentially related to chip area and that chip sizes less than a 20-

mil square are too difficult to handle and process.

As the technology improves and process tolerances are reduced, the

yield-size relationship wilti-encouragIe-chip size reductions toward the 20-mil

square lower limit. In from three to four years. c-i ruit unctions are expec-

ted to occupy only between 10 and 20 perrent as much chip sutrfice as th-ey-do----

* today. This reduction will take two forms. First, the highly complex cir-

cuits now being placed on larger chips willgradually decrease in size as the

* resolution with which circuits are built is improved. This will result not

only in smaller chips--but also in the sur face efficiency (the amount of silicon

chip utilized) being increased.

The second reduction will come from more complex circuits being

placed on a single chip. Interconnections between the chips currently cause

size, weight, and reliability problems. Reduction of the number of chips in

a subsystem by placing more circuit functions on a single chip drastically
reduces the number of interconnections required. Logic gates, flip-flops,

and adders are now being placed on a single chip. Within a year, shift

registers and decade counters will be produced in quantity. Within about

three years, combinations of these circuits will be built on the. same chip.

Since integrated circuit economy depends upon a arg e volume of like

circuits, complexity is not expected to go much beyond the point of placing

two different types of circuits on the same chip. More complex circuits

would be too specialized for them to be used in quantity.

10



B. WEIGHT

Typically, the use of integrated circuits has reduced the: .\veight of

subsystems by a factor of from S to 10. Some of this reduction was achieved

because integrated circuits are lighter than the discrete components they

replace. Most of the reduction in weight is due to the fact thatthe subsystem .

has fewer circuit boards, plugs, interconnections, and a smaller case.

In the future', the weight is expected to be saved almost entirely from

reduced packaging weight. Reduction in the size of integrated.circuits will,

not contribute significantly to this saving, but the incorporationof several.

circuit functions on a single chip will. In a few years, whenmore complex

circuits are integrated on a single chip, weight reduction by a f actor of about

2 can be expected for integrated subsystems.

C. PACKAGING :-..- . _ .

Integrated circuits are- ackaged in one 0f two ways: a modified metal,

transistor header or a flat pack..

1. THE TRANSISTOR HEADER

This type of package, similar to. a TO-5 can, 'is typically 3/8 inch in

diameter, about 1/4-inch'high, and has 8to12 pins. There is usually some

variation in height, dopcndingon th-e tvpe of c-i rcuit. Another header used is

1/4 inch in. diameter, 0. 075-inch high, and. similar to'the TO-47 can.

The transistor header package was introduced first.. It has the advan-
tages of a long history in thctr-ansisto fiel r .high:~ ield,riively low cost,

and can be easily sealed.

2. 'THE FLAT PACK

The flat pack is typically ,1/4 by..1/4 or 3/8 by 1/8 in'ch 'with a thickness

of from 0. 04 to 0.06 inch and has 8 to 14 leads. It is usually: constructed of

glass or similar material and has a higher breakage and seal. -failure rate.

because of this. However, the flat pack is smaller.-- e'd-w-itself more easily

to the use of a larger number of leads, and is easier to arranige in the



subsystem package. High customer demand and success in reducing the

breakage and seal problem are expected to result in a marked volume advan-.

tage for them by the end of the year. Considerable effort is being made to

make them less fragile and more easily processed.

12



VI. YIELD

Currently, the factor of yield has the greatest hiuence othe economn:

ics of integrated circuits. There is considerable contr.qversy and mystery

concerning yield, partly due to its m-any definitions. The'general definition:.

of yield is the ratio of potential circuits that can be succe ;sfully processed

through a series of manufacturing steps to the total nuraber of potential

circuits that can begin the process.

A. TYPES OF YIELD

The problem of yield arises because of the'-iffe -X points th at are

chosen for the beginning and end of the process cycle. Some consider the -

freslv cut ,,afer as theistarting poit,-othcrs the first diffusion. Among..

the various tend points selected are: immediately before sc-ribing, prior to

packaging, after final inspection. In a certain sense,, it.may seem that over-

all yield is the most important one. However, the later af:(ailure occurs ,in

. the processing cycle, the more expensie -it is, since al.thepievious proc-
essing has been fruitless. This is especially true in such final steps as

scribing, packaging, and final testing. Thus, the determination and control

of the yield are necessary all along the line for' process-ifproverent.

* B. FACTORS AFFECTING YIELD

Yield has been lower for integrated circuits than r;-0ther semi-

conductor products. A year ago, most manfu cttirs ofngratedc-cuits
were operating at well under 1-percent over-allt yield. e!i:ld-isnot only an

unknown complex function of all the processing parameter:.'_but in general

depends on the abilities and conscientiousness oft he sii's"killed labor opera-

ting the process facilities.

Such occurrences as a slight variation in oven temperature or careless

procedures in a clean room can easily ruin thousands of-dollars of partially

processed circuits. Each oven has its individual characteristics and a switch

in operators .an cause a yield drop for several batches. until the new operator

13



obtains a feel for the oven. Often a company will use a set.of.pilot ovenst'o

determine the feasibility of a new custom circuit. When all;'modifications

have been made and a prototype has been produced, the priduetion run wilibei "

made in a new set of ovens by different operators. Yield probl-emsare es.

ially critical at times like these and often account for the increased-price-nd,.- .

longer delays in obtaining custom circuits.

In a sense, yield is more important for integrated circuits than for other fai': "

types of semiconductor devices because for most eerniconductor devices, Poor.

yield usually results in a product which, although it does not meet desired'

specifications, can normally be marketed as a lower grade at a lower price.,

in the case of integrated circuits, poor yield usually results in a device with

little or no market value.

C. CURRENT STATUS

Today, due to technological improvements, integrated circuit yield is

comparable with that of the most critical discrete trapsistors. It is sufficient---

to enable most companies to make a profit and to supply the needs of industry.

The exact figures are not released, however, primarily because they would

disclose a company's competitive position, i.e., how much theycan reduce

prices and still make a profit.

It is not the industry's goal to perfect its processes so as~to obtain

100 percent yield. Certain techniques are available for increasing yield,

which are not cost effective. Integrated circuits are produced in such large

quantities that maximum economy is achieved when a reasonable yield is

obtained at moderate process cost.

14



VII. COST

A. CURRENT PRICES

The retail cost of initegrated circuits has been dro pwg r'piy P ic'e

dzpends primarily on circuit comnplexnity. order size. .And oni-whether te

c uit is one of a standard line or requires a custom design..' For ,quantitieis in.

the ZOO range, prices vary from t 7 to 19$17 for diode Arrays. up to, $75. for -

one-shot rnultivibrators in standard line TO-5 configuirationsi. O"'Gthier indicativ'.

prices for compute~r circuiits are: ringle gates, S 1Z to"$ 17; Aite Ativer's,

$21 to 50; registers, t$Z to 8 55.

These circuits- meet military specificati-on (55 to 15C.Circuits,

-fo commercial or Industria'a-pplicatIoasih510 ,to_ 55C ypciy ,i ot fromn

one-hirdto onie-fifth the cost indicated'aliove.

B. EFFECTS OF~ ORDER SIZE AND PACKAGE.TYPE

Cost vaiscons iderably-,with the size of the order. When; Masking and

other fixed costs can, be spread over thousands of' cicults,.teprintC~

drops sharply, For orders in the range of 400, 000, the coti ie tobe

lems than half that of small orders. Mot. nan12facturer's do- not ".1ist priceds

oquantities greater than evrlhundred, -or larger orders- tey prefer :

direct negotiation between teacoy Ari c atoier.

Standard prices tasually rifer to the TO-5 pakg.pltacks 'o'st4up.

to'about ZO percent more. They are ihhereitlyrls xesv~ aufacue

'-_but yield has -been low resulting in higher p'rice. Most' customris jrpreferith

* flat pack configuration. Improvements in th ehooy(~eil~in lead-

rtrength aid btter sealing), along with the gre, r- enapa exet
* to result'in a flat-pack transistor -header. price- cross-over,.Ry:the end of 19b4

C. FACTORS THAT WILL RED)UCE COST,

The largest factors ip cost are. yield.,adpcIain.Tecs today of

processifg in quantity a moderately comple:C circi iii t te poin -of pack-

piging is less than three cents# assuming 100 pe#;ent yTl.Wil ao



circuit function 'cost reductions in the future wil com I f' romicraeryi
-rd iroeacang aiiother factor which wvill sgifcnl eueite.

grated circnit costs is improved circuit resolution. Packaging~i cdt is firly-

independent of c irc uit complexity, and yield is influence-d mostly by circiiit,-

aize, not complexity. Thus, better circuit res->Iution will eventuallyalo

more complex circitits and mtiltipl .e function circuits to be placed -on a chip..

no' larger than that currently used, with little effect on device price. Hence6,

the price per circuit function will drop appreciably. There will also be

moderate reduction in price diie both to increased production as more syst ems.

are integrated, and increased competition as the integrated circuit supply

exceed. industry's demands.

By the. end'.of this decade, ; a above factors will cause the price of

integrated circuits of the complexity used today to be reduced by another

order ot magnitude. Thus, in many cage-s,, prices of less than a: dollar a

circui-Ifun tion. will be achieved. However., for, many applications, :price.

rdcinper circuit function will not be reflerted npierdcin e

.-devici.fte to thie tendency to maemore comp.e cicits and multiple

c iiits on a aigle chip ais the techniology develops.
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Vi.TF1IN-P'iLM TECHP4IQUES VS INTEGRATED CIRCUITS

AF, pointed ouit in~ previo~us sections, there are performance., levels

by-nd %which integ~rated circuits are not capable of operating, at this time. In

addition, t-here are certain situations in which it is not economical to use inte-

grated circuits. Often, in each of these cases, the solution is either to utiliz e

sonie type of thin-film technique, or a combination of thin-film and integrated

circuits.

A . RELIABILITY

Tht- principal advantage of integrated circuits over all other techniques,

including thin film, is improved reliability. This is obtained chiefly through

the elimination of interconnections and a ieduction in the number of individual

elements required. In general, any type of thin-film tehiu eursmore

interconnections and interfaces than do integrated circ'uits.,

B. FLEXIBILITY AND CAPABILITY

Thin-film techniques gain most of their current advantage from increased

flexibility and, capability. High isolation betwveen elements is more easily

achieved, and closer tolerances can be obtained for resistors,.(1 to 5 percent)

and capacitors (5 to 10 percent). Passive elements with lowv temperature

coefficients and semiconductors with closely controlled parameters can be

produced. Thin-film techniques allow add-ons and circuit modifications to

be incorporated with little tooling change or timye delay. THeir powver dissipa-

tion capability is usuially several times better than that for.Integrated circuits.

C. COST

The economic tradeoff between thin-film circuits and integrated circuits

is complex. If the circuit must be custom designed, thin films-are generilly

lrs s expensive for quantities up to 1000 or so. For larger quanhtities, the

int"-,rated circuit masking costs-- (aboit $-5000) and. other fixedcosts are spread

out over enough circuits for the per-unit cost to be loWer than ,for thin-film.

17



However, when the circumstances are such that standardl integrated circuits: .

can be used, the price adventage is usually with integrated"c:ircuits, even fior-

relatively small quantities. As the integrated circuit produ ctlines expand

and prices drop, it is expected that thin-film circuits will be used only in.

cases where integrated circuits lack the necessary performance.
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to- dominate the market due to their saira~nfb

ultimate lower -manufacturing cost. *-.2

E. YIELD - ~~

Yield is the governing ecoiorniC variabl'e in the 'integ-r-"1,,'izc%

manufacturing process. Due to the newness 'of thisaeom~plexktid, nob yan

its reliance on semiskilled labor during several c ritical procestpsyiM

has been lowxer for integrated circuits than for other MIO cbl.r,

However, within the last year, technological. imprv iTtsA ringna

exeience-have advanced the state -of -the-a rt ,suffiielytenb mst

companies to meet demand and make a profit.. 7 ... i.~-.

F. PRICE

The'p-rice of integrated circuits d epcn d s 17r inaiy cmctcm~etv

rordesiead whether the circuit isin~ a-4tandard"lin eor. Aci~utorm bei,

Beorth end of this decade it is expecte-d thM imrvd g gicrae

yield, and better circuit resolution will d op the price ori ntc&rat'd cir'cuitq

by an order of magnitude, In many Caepic foe oJre i~i

func tion' will he rcal*iged.

:G. ADVANTAGES., OF INTEGRATED'CIRCUITS

The pritnary advantages of integrated circuits ov er thin-filin techniques

a;re higher relIiability, s :&7.(! si. and a owe high-olme cost. The use

of -thin-film techniques provides niore flexibility or pait'inheaa-o

r i r c it 'des ign an d rn o di f i a t i c)n.' C I ( nt t oIe ranc c. an ( . , oer diskipation.

Thin filhis w'%ill ultimatcly be used only in ca -s w'h cr c irtegrated circuits

lack the necessary prrforir.ance.



APPENDIX A - - _

INTEGRATED CIRCUIT CONSTRUCTION

There are several different series of techniques used in integrad
-circuit construction, especially in regard to the types of-diffusions use6.

The Fairchild planar epitaxial is typical of the construction being used- in -

-production runs by most manufacturers. Planar denotes that al-j~unctions

7--of the circuit are terminated on one plane, i. e. , on one side of the suibstrate.

:Epitaxial refers to a mingle crystal layer of doped silicon grown upon a silicon -

Vubstrate in an oven, usually by the hydro on reduction _ol silleonltra~lr4. _

Following are the steps used in this construction.

- -_VWAFER PREPARATION

I ~ 77This process in begun by cutting 0. 01 -inch slices of p-type doped sili-_
- con from a I-inch-diameter crystal cylinder, The wafers are then lapped,

4 - polished, and chemically etched until they are smooth and have a thickness of

about 5 mils. Next, the wafers are placed in a high -temperature furnace

having an oxidizing atmosphere. The oxygen combines with the surface sili-

con to form an encapsulating and passivating layer of silicon dioxide.

2. MASKING PRODUCTION

___ - For each diffusion and deposition process, a high resolution mask has

_____ -b een made. This is achieved by first drawing the desired pattern to a scale

Maniy tinnes actual size. The drawing is then photographically reduced and

~dulictedrepeatedly until the Final mask for the particular process has

---hundreds of identical tiny Ipattcrns that correspond to the circuits to be made

from a single wafer.

3. INITIAL DIFFUSION

The wvafers are coated with a photosensitive material in the absence of

light and then excposed through the high rsoltition collector cut:-qu a



-The portions not exposed (due to the opaque pattern on the mask) are soluble

- and removed by a special rinse. The exposed portions are not removed by.---

-the rinse and resist the etch, which is used to remove the-protecting sillc -

dioxide layer from the unexposed portions of the wafer.

Next these wafers are placed in a high-temperature furnace that con-

tains an n-type dopant. This impurity diffuses into the surface of the wafers

where the silicon dioxide has been removed. These highly doped n+ diffusion

areas are the transistor collector portions of the circuit.

4. EPITAXIAL GROWTH

Next, an epitaxial layer is grown over the entire wafer surface, by

first removing the passivating silicon dioxide layer with an acidic etch. The

wafers are returned to a furnace where, through chemical reactions to volatile --

gases, n-doped silicon is grown on the wafer surface. This layer assumes the

- same crystal orientation as the p-type wafer substrate, and it actually becomes

.........an extension of thi. material. The thickness and resistivity of this layer are

-- .chosen to meet the needs of the particular circuit being formed. Following

this growth, a new passivating layer of sil*con dioxide is grown in preparation

_-or the next diffusion.

5. ISOLATION DIFFUSION

- The next step is the isolation diffusion. In this process, bands are

...-.. etched through the silicon dioxide surface in such a manner as to separate

the different portions of the circuit from one another. The wafers are then

-placed in a furnace containing a p-type dopant that diffuses through the exposed

-. e*pitaxial n-type region and extends through to the substrate. This diffusion

-solates several pockets of n-type material from each other in each circuit, :

-- which become transistor or resistor regions as the circuit is formed. During

this diffusion, a new protective layer of silicon dioxide is formed over the -

wafer.

i'm<
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6. BASE, RESISTOR, AND EMITTER DIFFUSIONS

Following this diffusion step the wafer is etched for simultaneouws base
and resistor diffusion. A p-type impurity is diffused into the spitaial layer

_to iorm the base collector diode in the transistor regions, as well arm -All of
-the resistors in the resistor regions. The oxygen atmoophete of the furnace-
re-oxidizes the exposed portion& of the surface, preparing the wafer for the

__ itext step.
The next, and last, diffusion step is for the emitter. After etching, an

- n-type impurity is introduced into the furnace to form the emitter regions and
-ttopside collector contacts. As before, a new layer of silicon dioxide -

forms to seal the surface. Now, all of tt~, regions have been formed. The
_next step is to intraccnnect them to form the desired circuit. -

-The first step in forming the intraconnectionh is that of photoengraving
holes over the appropriate regions of the device in order to make contact with
the different portion# of the circuit. Then the wafers are placed in a high-
vacuum oven containing a metal evaporator. Aluminum is boiled from a hot
-ilarnent and forms a thin coat over the entire wafer surface. After removal
-from the oven, the wafer is seectively etched to leave a pattern of intra-

-connections between the various circuit elements. The wafers are placed in

-- 7ra alloying oven to assure good electrical contact with the circ~uit elements.
Tfhis completes the deposition and diffusion pro-cesses.

~RFINAL PP.OCZSSING

A diamond scribe to used to cut the wafers into individual circuits. The _

dice are cleaned and inspected individually for defects, and then soldered to
-~ the center of the header using a high temperature alloy. Fine gold wires are '

thermal -compression banded to the contact regions of the dice and then spot-
welded to a header post. Final optical inspection and capping the header are
the last ste-ps before the circuits underg lctriA an en onmena tits.

-So elcr Q -i n a
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APPENDIX B

-. - -- THIN-FILM CONSTRUCTION

Thin films are deposited in a variety of ways. Five currently popular

methods are: vapor plating, vacuum deposition, cathode sputtering, electro-

.-- -_ chemical techniques, and silk screening. Brief descriptions of these tech-

niques follow. "_--

- - . . VAPOR PLATING

- -Vapor plating is used primarily for semiconductors, oxides, and re-

- i-ractories. The material to be deposited must be easily vaporized. The

- "-vapor is mixed with other gases and passed over the surface to be plated.

-Th. target surface is heated to a temperature high enough to cause a chemical

.-- -eaction. The principal advantages of this technique are that oxides can be

- deposited at relatively low temperatures and compound semiconductors can

" -:be epitaxially grown. In addition, vapor plating results in more stable, and

less porous, depositions for many materials than do other plating techniques.

-~-- . -VACUUM DEPOSITION

Vacuum deposition requires a heating source such as an electron gun or

- esistance heater in a high vacuum. The heating source evaporates the

material, which rises through a template to be deposited in the designed

pattern on the substrate above. The substrate may be active or passive.

-Vacuum deposition is a convenient method of evaporati g a wide range of

- _ -metals, cermets, and dielectrics.

--... . 3. CATHODE SPUTTERING

- - - : Cathode sputtering is used to deposit refractory metals at room tempera-

ture in spite of their characteristically low vapor pressures and high melting

- ioints. In general, sputtering is slower than other deposition techniques, but

* - - - -i-Its advantage lies in the capability of depositing metals of superior stability,

S_ -:------4
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K which cannot be practically accomplished with other techniques. The
material is deposited in the following manner: A chamber is filled with

inert pan at a low vacuum. The material to be deposited serves as a ca*thd --

at severai thousand volts below the substrate material, which is the anode.

This causes ionized gas molecules to bombard the cathode anid dislodge its

-atom.a, deposaI ting them th rough a mnasak onto the subsatrate, Thispwoessi __

used for the formation of resistors and capacitors. -

- E LECTROCHEMICAL TECHNIQUES

Electrochemical techniques (electroplating) are used to deposit. metals-

-Ja resistors, electrodes of capacitors, and conducting strips. Photoresist -

t-echniques are normally used to obtain the desired pattern on the substrate.
The advantages of these techniques are very high accuracy, both in width and

___7__ ZA7 1 ckneus of deposition, and the simplicity of the conventional £1lectrtOPI int

* £:rquipmnent used.

5. SILK-SCREENiNG

Silk-screening, the direct application of circuit materials on a sub-

- *otrate through a mask, is used for the deposition of high- resistivity, high-

Atability compounds at temperatures in the ranb'- of from 600 to S0 0 C
-Tolerances of 5 percent after deposition are fur~her refined by abrasive

Jailoring. Capacitors having thick dielectrics and low capacitance per unit -

-area are also deposited in this manner. The technique LeiusuallW confined~-~---
~to the production ofp~i. netw~rks --- _

-pa si e -- -


